Raffinose family oligosaccharides (RFOs) are involved in the storage and transport of carbon and serve as compatible solutes for protection against abiotic stresses like drought or cold. RFOs are usually transported in plant species that load sugars symplastically into the phloem. Loading probably occurs by a polymer trapping mechanism which establishes a concentration gradient of assimilates between the mesophyll and the vasculature. Transgenic approaches have demonstrated phloem transport of small molecules produced in the companion cells of apoplastic loading species, but these molecules have been non-native transport substances to plants. In this study, transgenic potato plants with constitutive or companion cell specific overexpression of galactinol synthase (GS) or GS plus raffinose synthase (RS) are characterized, which together provide new insights into the metabolism and transport of RFOs in plants. It is demonstrated that raffinose and galactinol are both transported in the phloem and that, whilst the effect of GS overexpression is promoter-independent, that of RS is dependent on the promoter used. The presence of significant amounts of galactinol in the phloem is shown and also that transgenic potato is unable to transport large amounts of raffinose despite high RS expression and substrate concentrations. These data indicate that there may be additional features of intermediary cells, the specialized companion cells of RFO transporting plants, required for significant RFO synthesis and transport that are currently not well-understood.
Introduction
Raffinose family oligosaccharides (RFOs) have diverse roles in plants, being used for the transport and storage of carbon and as compatible solutes for protection against abiotic stress (Bachmann et al., 1994; Haritatos et al., 1996; Taji et al., 2002) . They are synthesized from sucrose by the sequential addition of galactose moieties donated by galactinol. The trisaccharide raffinose and tetrasaccharide stachyose are the first and best-studied products of this pathway and their production is catalysed by raffinose synthase (RS) and stachyose synthase (SS), respectively . Galactinol is formed from UDP-galactose and myo-inositol via the activity of galactinol synthase (GS) which is considered a key regulator in the pathway (Keller and Pharr, 1996) . Expression of GS isoforms is increased during drought and cold exposure in Arabidopsis and GS overexpression increased drought tolerance (Liu et al., 1998; Taji et al., 2002; Cunningham et al., 2003) . The presence of high raffinose levels during abiotic stress is well-established, however, raffinose was recently demonstrated to be neither necessary nor sufficient for improved freezing tolerance in Arabidopsis (Zuther et al., 2004a) . In many plant species, raffinose is also stored in high amounts in the seeds where it is thought to have an additional role in desiccation tolerance (Obendorf, 1997) . Although there is evidence for a correlation between GS activity and the RFO content of plant organs, and GS overexpression increases RFO content in most cases, there are some examples indicating that alternative factors can modulate RFO accumulation (Karner et al., 2004) . Karner and colleagues showed that, rather than GS activity alone, the concentration of the initial substrates myo-inositol and sucrose control RFO accumulation in seeds.
Sucrose-transporting type 2 plants like potato and Arabidopsis are characterized by low frequencies of plasmodesmata between mesophyll and companion cells, and phloem loading of sucrose occurs by an apoplastic route via proton symport (Turgeon, 1996) . RFOs are transported in type 1 plants such as cucurbits, which have high numbers of plasmodesmata and load assimilates via a symplastic route proposed to involve a polymer trap mechanism (Turgeon, 1996) . Sucrose is thought to diffuse through the numerous plasmodesmata linking mesophyll and companion cells and is converted into RFOs, particularly stachyose, which are then too large to diffuse back (Turgeon, 1996) . In these species there are specialized, structurally distinct, companion cells with a high frequency of plasmodesmata called intermediary cells where RFO synthesis occurs (Beebe and Turgeon, 1992; Turgeon, 1996; Turgeon et al., 1993; Turgeon and Medville, 2004) . Other type 1 plant species without intermediary cells do not transport high amounts of RFOs and have been shown to load via the apoplast (Turgeon and Medville, 2004) . The presence of sucrose in the phloem of some RFO transporting species and the absence of galactinol transport, despite its high concentration in intermediary cells, were highlighted as aspects of the polymer trap hypothesis that are not fully understood (Turgeon, 1996) . Recently, it was proposed that small molecules in the companion cells enter the sieve elements indiscriminately but that differential retention and retrieval mechanisms are responsible for differences in the efficiency of their transport (Ayre et al., 2003) . Labelling studies in Cucumis blumei, which transports RFOs, showed that galactinol was transferred to the apoplast and had limited phloem transport whilst sucrose, raffinose and particularly stachyose were effectively retained and transported (Ayre et al., 2003) . Companion cell specific expression of galactinol synthase in tobacco, a type 2 species, led to only minor transport of galactinol (Ayre et al., 2003) . Ayre and colleagues used a GS promoter from Cucumis melo to drive gene expression in the minorvein companion cells of both transgenic tobacco and Arabidopsis although neither of these plants normally transport RFOs (Haritatos et al., 2000) . This implies that the promoter responds to a minor-vein-specific regulatory cascade that is highly conserved across a broad range of eudicotyledons. Quantification of RFO in the cytoplasm of different cell types in C. melo indicates that although raffinose and stachyose are massively enriched in intermediary cells, galactinol is likely to be evenly distributed throughout the leaf (Haritatos et al., 1996) , probably located in the vacuole (Voitsekhovskaja et al., 2006) . In Cucurbita pepo the enzymes of RFO biosynthesis have all been localized to intermediary cells where synthesis predominantly occurs, although RFO synthesis can be detected in the mesophyll (Beebe and Turgeon, 1992) . The mesophyll may also be the main site for RFO synthesis as demonstrated for Ajuga reptans, however, this species also stores large amounts of RFOs in the leaf (Sprenger and Keller, 2000) .
Using transgenic plants, phloem transport of small molecules produced specifically in the companion cells has been demonstrated for the non-native small molecule octopine and the fructan 6-kestose formed by the action of octopine synthase and invertase, respectively (Ayre et al., 2003; Zuther et al., 2004b) . The establishment of companion cell specific production or transport of RFO in transgenic plants has not been investigated. In this study, transgenic potato plants with constitutive or companion cell-specific overexpression of either GS or GS plus RS are characterized, which together provide new insights into the metabolism and transport of RFOs in plants.
Materials and methods

Plant material
The coding region from a GS cDNA from Cucumis sativus was isolated and cloned into the binary vector pBin AR (pBin19 with 35S promoter) (Bevan, 1984) as described (Zuther et al., 2004a) . In addition, the same fragment was cloned into rolC-pBin19, a derivative containing the Agrobacterium tumefaciens rolC companion cell-specific promoter (Kuhn et al., 1996) . These constructs were used to transform Solanum tuberosum cv. Désirée. Plants were screened for GS expression by quantitative RT-PCR and by carbohydrate analysis. Selected GS overexpressing plants were retransformed with RS constructs. Briefly, a 2355 bp sequence (ATG to stop) coding for C. sativus RS was PCR amplified from cDNA and TOPO-TA cloned into the pCR Ò 2.1 vector (Invitrogen). The fragment was excised and non-directionally cloned into the Asp718 site of both pBinAR-HYG (hygromycin resistance in plants) (Dormann and Benning, 1998) and the derivative rolC-pBinAR-HYG (rolC instead of 35S promoter). Orientation was checked by restriction digest and the fragment was sequenced. Comparison to the database sequence for C. sativus RS (Genbank accession AF073744) revealed three base changes (T-C, A-T, and G-A at 500, 1598, and 1602 bp from ATG, respectively) resulting in the amino acid changes F-L, N-Y, and D-N, respectively at amino acids 133, 499, and 500. However, as the amino acids identified are conserved in RS from both Glycine max and Vicia faba it was concluded that these must represent errors in the database sequence for C. sativus (see Peterbauer et al., 1999 , for sequence alignment).
Plants were grown in tissue culture on MS medium (Murashige and Skoog, 1962) ) with a light/dark cycle of 16/8 h at 20/17°C. Phloem exudation and leaf sugars were measured using 10-12-week-old plants harvested around midday. Plant and tuber biomass and tuber sugars were determined after 12 weeks of growth. Grafted plants were harvested approximately 2-weeks later due to the time taken for graft recovery. A completely randomized block design was used for all experiments.
Phloem exudate collection
Phloem exudation experiments were performed using slight modifications of a previously described method (Zuther et al., 2004b) . Briefly, leaves were cut from the plant, immediately cut again in 5 mM EDTA and then placed into vials containing 10 ml of 5 mM EDTA (pH 7.5). Leaf-containing vials were placed in trays covered with a transparent cover to prevent excess transpiration and kept under high light conditions at 20°C for 6 h. Transpiration was measured by volume changes of the EDTA solution and sugar amounts were corrected to the final volume. Exudation is expressed on the basis of leaf fresh weight to correct for size differences.
Grafting
Four-week-old plants were grafted as described by Balachandran et al. (1995) and Zuther et al. (2004b) . However, instead of using tape to support grafts, two perpendicular metal clips were used as previously described for bean (Hannah et al., 2000) , giving an improved survival rate of 100%. Plants were covered with plastic bags for 14 d to minimize transpiration. Rootstocks were covered with aluminium foil to prevent leaf growth and photosynthesis. Autografts were avoided by using scions from different plants of the same line. Nomenclature of the graft combinations is scion/ rootstock.
Carbohydrate analysis
Sugar analysis was performed as described previously (Zuther et al., 2004a, b) . Samples were immediately frozen in liquid nitrogen, homogenized using a ball mill and extracted twice in 1 ml of 80% ethanol at 80°C. Extracts were dried, dissolved in 1 ml of distilled water and then deionized (AG 501-X8 resin, Bio-Rad). Glucose, fructose, sucrose, and raffinose were separated using a CarboPac PA-100 column, and galactinol using a MA-1 column, for highperformance anion exchange chromatography (HPAEC) using a Dionex DX-500 gradient chromatography system coupled with pulsed amperometric detection (PAD) by a gold electrode.
Expression analysis
RNA extraction and expression analysis by quantitative RT-PCR was as described previously (Rohde et al., 2004; Zuther et al., 2004a) . CsGS primers were as described by Zuther et al. (2004a) , whilst CsRS primers were: CsRS-F, 5#-TTCGATAGA-CAAGTCCCCGGT-3#; CsRS-R, 5#-CCCAATCGAAACAA-CATGTCG-3#. PCRs were performed using a Gene Amp 5700 Sequence Detection System using a 1-step QuantiTect SYBR Green RT-PCR kit (Qiagen). An equal amount of total RNA (50 ng) was used for all reactions and threshold cycle numbers were directly compared between wild-type and transformants as it was found that normalization to a reference gene did not affect the results (data not shown).
Results
Constitutive non-specific or companion cell-specific expression of GS in potato GS from C. sativus was constitutively overexpressed in transgenic potato under the control of the CaMV 35S promoter (35S:GS) and the transformants compared to a set of transgenic plants expressing GS under the control of the Agrobacterium tumefaciens rolC promoter (rolC:GS), which has previously been shown to direct companion cell specific expression (Kuhn et al., 1996) . Plants were screened for leaf galactinol and independent lines were selected.
The amounts of sucrose, glucose, and fructose, and of galactinol and raffinose were determined in leaves, tubers, and phloem exudates of 10-12-week-old 35S:GS, rolC:GS, and wild-type (WT) potato plants by HPAEC coupled with pulsed amperometric detection. There were no significant changes in the content of sucrose, glucose, or fructose in any tissue in 35S:GS or rolC:GS lines. Raffinose was only occasionally detected and changes were not consistently observed in 35S:GS or rolC:GS lines. Galactinol, however, accumulated to high levels in several independent lines and was present at equal levels in the leaves of both 35S:GS and rolC:GS plants, reaching concentrations in the same range as sucrose (6-8 lmol g À1 FW) (Fig. 1A) . Galactinol was also increased in the tubers but to a lesser degree (Fig. 1C) , typically 5-10% of the tuber sucrose concentration and around 10% of the concentration detected in the leaves.
To investigate assimilate transport, sugars were measured in phloem exudates collected from the petioles of cut leaves placed into 5 mM EDTA for 6 h. Sucrose was the main transported sugar in potato, and glucose and fructose, which were both present at equal concentration (approximately 10-20% of the sucrose concentration) were highly correlated with sucrose levels. It has previously been shown in Arabidopsis that the presence of glucose and fructose in phloem exudates is probably due to sucrose cleavage by extracellular invertase (Corbesier et al., 1998) . Therefore, sucrose exudation was calculated from sucrose plus the average of glucose and fructose concentration. Galactinol was easily detected in phloem exudates from all 35S:GS and rolC:GS lines and exuded at a rate of 3-5 nmol g À1 FW h À1 (Fig. 1B) . Average sucrose exudation was much higher at 550 nmol g À1 FW h À1 . Galactinol exudation was significantly (e.g. for rolC:GS P¼1310
À15
, n¼72) correlated with that of sucrose both in 35S:GS and rolC:GS lines.
Constitutive non-specific or companion cell-specific expression of RS Consistent with the finding that potato does not produce significant amounts of RFOs, GS overexpression alone was not sufficient to produce much raffinose in any tissue, while galactinol accumulated to significant amounts. To achieve raffinose production, the GS expressing lines 35S:GS 41 and rolC:GS 25 and 31 were retransformed with RS from C. sativus under the control of the same promoters to produce the genotypes 35S:GS/RS and rolC: GS/RS. Several independent lines for each genotype were selected based on quantitative RT-PCR followed by rescreening for raffinose content among those with the highest expression. Leaves were harvested and pooled from 5-week-old plants for six independent transformants for each line and leaf raffinose was measured. There was a large increase in raffinose in all 35S:GS/RS lines ranging from 4-15-fold of the parental background (Fig. 2) . All 12 independent rolC:GS/RS lines were very similar to their parental lines with the maximal raffinose increase just 1.3-fold (Fig. 2) .
As for the GS-expressing plants, tissue content and transport of sugars were analysed in 35S:GS/RS and rolC:GS/RS plants and compared with the parental lines. The best four 35S:GS/RS lines and the best five rolC:GS/ RS lines were selected from the initial screen for these measurements. No significant changes were detected in any tissue for sucrose, glucose, or fructose. However, raffinose accumulation was easily detected in leaves of 35S:GS/RS lines, reaching levels of 1 lmol g À1 FW (Fig.  3A) . By contrast, no significant increase in leaf raffinose was observed in any of the rolC:GS/RS lines.
Although raffinose was not detectable in rolC:GS/RS leaves, two rolC:GS/RS lines, 25-39 and 31-38, had significant amounts of raffinose in phloem exudates. Levels of phloem raffinose in these lines were similar to those found in the 35S:GS/RS lines 41-10 and 41-19, while line 41-28 contained around 50% more (data not shown). Raffinose was correlated with sucrose exudation both in the 35S:GS/RS and rolC:GS/RS lines.
To investigate raffinose accumulation, leaves at different developmental stages were harvested from the representative lines 35S:GS/RS 41-19 and rolC:GS/RS 31-38. Four leaf types were harvested; the youngest fully unfolded leaf (leaf 1-2 on the main stem), a still expanding leaf at threequarters plant height (leaf 5-6, sampled in previous experiment), a mature source leaf at half plant height and one of the oldest source leaves at one-quarter plant height. In 35S:GS/RS 41-19 plants the expanding leaf at threequarters height contained the most raffinose, around twice as much on a FW basis than the older, fully expanded, source leaves sampled from the lower half of the same plants and 60% more than the youngest unfolded leaf (Table 1 ). In rolC:GS/RS 31-38 plants the maximal raffinose accumulation was observed in the youngest unfolded leaf which contained more than twice as much on a fresh weight basis than any of the lower leaves (Table 1) . The levels of raffinose detected were significantly lower in rolC:GS/RS 31-38 than 35S:GS/RS 41-19 plants ranging from around 5-12% depending on the leaf sampled ( Table 1) .
As the primary aim was to identify plants with substantial transport of raffinose, this screening was repeated on additional rolC:GS/RS lines: and the lines 25-39 and 31-38 were reanalysed for leaf raffinose by sampling younger leaves (leaf 3-4 instead of 5-6) which seemed likely to contain higher levels of raffinose in rolC:GS/RS plants. There was a significant increase in leaf raffinose in several rolC:GS/RS lines, including the lines 25-39 and 31-38 (Fig. 4A) . However, despite initially screening two independent sets of 50 rolC:GS/RS transformants for RS expression and growing the best 12 lines in multiple experiments, the maximum raffinose accumulation observed was only 20-30% of that in 35S:GS/RS plants and, in some cases, it was not above the background levels that were frequently detected in parental lines (Fig. 4A) .
The high abundance of raffinose in 35S:GS/RS lines ( (Table 2 ). In the time-course experiment, raffinose was significantly correlated with sucrose and galactinol, whilst during leaf development all three were significantly correlated with each other (Table 3) . Galactinol was also positively correlated with raffinose among the four independent 35S:GS/RS lines investigated (Fig. 3A, B) .
Several independent rolC:GS/RS lines were used which had measurable leaf raffinose (Fig. 4A ) to characterize RFO metabolism and transport further. By contrast with 35S:GS/RS plants, a significant decrease of leaf galactinol levels in rolC:GS/RS lines in comparison to the parents (compare Figs 3B, 4B ) was never detected. In rolC:GS/RS tubers, raffinose was present at a similar concentration to the leaves, although parental background levels were much lower. Different from the situation in leaves, tuber galactinol was significantly reduced to around 50% of the level observed in rolC:GS plants, which was then a concentration similar to that of raffinose (Fig. 4C, D) . Raffinose was readily detected in phloem exudates and there was a reduction in galactinol as indicated by a 10-25% decrease in the ratio of galactinol to sucrose in the phloem in all rolC:GS/RS lines (Fig. 4F ). In common with galactinol, raffinose in phloem exudates was significantly (P¼1.7310
À13
, n¼40) correlated with sucrose exudation. To investigate long-distance raffinose transport, reciprocal grafting experiments were performed between scions and rootstocks of WT and two independent rolC:GS/RS lines. The two rolC:GS lines used for retransformation with the RS construct were also included in this experiment. Galactinol was significantly increased in tubers in all cases when scions overexpressing GS (rolC:GS or rolC:GS/RS) were grafted onto WT stocks (Fig. 5B) . Tuber raffinose was higher in rolC:GS/RS self grafts than in tubers of rolC:GS/RS stocks grafted to WT scions (Fig. 5A) , however, tuber raffinose was not increased in WT stocks grafted to rolC:GS/RS scions (Fig. 5B) . The reduction in galactinol transport indicated by the decreased galactinol:sucrose ratio in rolC:GS/RS plants was supported by a reduction of galactinol concentration in the tubers of WT stocks grafted to rolC:GS/ RS scions in comparison to rolC:GS (Fig. 5B) .
Discussion
Constitutive non-specific or companion cell-specific expression of GS have similar effects
Tobacco plants with companion cell specific expression of GS were shown to accumulate galactinol in the leaf, but only small amounts were transported (Ayre et al., 2003) . Companion cell-specific GS expression was compared with non-specific overexpression in potato to identify specific effects of producing galactinol in the companion cell, a tissue specialized for the loading of sucrose into the phloem and the metabolic support of the sieve elements. The typically used CaMV 35S promoter was chosen for constitutive non-specific overexpression, because it has been shown to have high activity in vascular cells (Jefferson et al., 1987) and many other tissues (Benfey et al., 1989; Stockhaus et al., 1989) . As a consequence, 35S transformants would display transgene expression in the vasculature and in additional cell types of the leaf, thus allowing identification of the effects of companion cell specific expression brought about by the Agrobacterium rolC promoter (Kuhn et al., 1996) . The CaMV 35S promoter has been shown to drive expression of the bglucuronidase reporter gene in most tissues in 7-week-old tobacco plants, for example, in mesophyll, vascular and epidermal cells of leaves, the cortex, pith, and vascular Fig. 4 . The concentration (A) leaf raffinose, (B) leaf galactinol, (C) tuber raffinose, (D) tuber galactinol, (E) phloem raffinose, and (F) the ratio of galactinol to sucrose in the phloem for six independent rolC:GS/RS lines 25-6, 25-13, 25-39, 31-4, 31-27, and 31-38 (light grey) compared with the parental rolC:GS 25 and rolC:GS 31 lines (white) and wild type (black). Samples for the leaf and phloem were collected from 10-week-old plants and tubers from 12-week-old greenhouse-grown plants. Data are means 6SE (n¼6). (Benfey et al., 1989) . In potato and tobacco CaMV 35S driven b-glucuronidase expression was detected throughout different leaf cell types, while, in tobacco, expression was significantly higher in vascular tissue than cortex or parenchyma in the stem (Stockhaus et al., 1989) . By contrast, the Agrobacterium tumefaciens rolC promoter is companion cell specific, driving expression in the phloem of tobacco leaves, stems, and roots (Schmulling et al., 1989) . Immunolocalization has revealed that rolC activity is confined to the companion cells in potato (Kuhn et al., 1996) . Several independent transformants were screened and selected for both 35S:GS and rolC:GS. Similar to the results of companion cell specific expression reported by Ayre et al. (2003) , galactinol accumulated to high levels in the leaves of the rolC:GS plants, reaching concentrations in the same range as sucrose (Fig. 1A) . Surprisingly, despite being expressed in many more cell types, galactinol accumulation was no higher in the leaves of 35S:GS plants. Furthermore, galactinol was also present at similar concentrations in tubers and in phloem exudates of 35S:GS and rolC:GS plants (Fig. 1B, C) . Such equal accumulation could be explained if the rolC promoter specificity was compensated for by a much higher activity. However, given the small proportion of companion cells, and the established high activity of the CaMV 35S promoter, this seems unlikely. As promoter activity was not monitored under the growth conditions used in this study it cannot be excluded that the CaMV 35S and rolC promoters had a similar expression pattern, with the observed equal accumulation due to the majority of GS being expressed in the companion cells. This seems unlikely based on the extensive literature detailing CaMV 35S expression in most plant organs at most stages of development in solanaceous species (Benfey et al., 1989) . The high galactinol accumulation in response to companion cell specific GS expression, shown here and previously (Ayre et al., 2003) , demonstrates the substrates for galactinol synthesis myo-inositol and UDP-galactose are readily available and mobile within the leaf. Thus, the similar levels of galactinol observed in 35S:GS and rolC:GS lines probably reflect a limitation of total galactinol production by the availability of GS substrates. The accumulation of galactinol in the leaf of rolC:GS plants is in agreement with its proposed high membrane permeability and leakage out of phloem tissue (Ayre et al., 2003) . In addition, the presence of galactinol at equal concentrations in both phloem exudates and leaf samples of 35S:GS and rolC:GS plants suggests that galactinol may also move into the phloem compartment from the mesophyll.
Using pulse-chase labelling with 14 C-CO 2 , Haritatos and co-workers did not detect galactinol in wild-type tobacco leaves after a 30 min pulse (Haritatos et al., 2000) , but following substantial galactinol production from GS overexpression small amounts of raffinose could be detected (Ayre et al., 2003) . Small amounts of galactinol were found in wild-type (WT) potatoes using HPAEC coupled with pulsed amperometric detection, but raffinose was usually absent in WT and was not consistently increased in 35S:GS and rolC:GS transgenic plants. Given that galactinol production in the short-term is low, as was demonstrated for tobacco (Ayre et al., 2003) , the small amounts we detected may be part of a stable pool maintained by low residual activities of RFO biosynthetic enzymes in potato. The inability of potato to metabolize galactinol in significant quantities would, in turn, explain the accumulation to high levels in 35S:GS and rolC:GS plants. Indeed, there are S. tuberosum EST sequences that are similar to GS and RS from other species (e.g. GenBank accessions BG886520 and DR751816, respectively), indicating low level gene expression, and small amounts of galactinol and raffinose have been detected in potato leaves and tubers by GCMS analysis (Keller et al., 1998) . Despite the usually low levels of galactinol, its production and accumulation to high concentrations did not result in obvious phenotypic alterations except for a slight nonsignificant reduction in biomass in some lines (data not shown).
The effect of RS expression on leaf raffinose is promoter specific Although 35S:GS overexpression was sufficient to increase raffinose content in Arabidopsis (Taji et al., 2002; Zuther et al., 2004a) , a naturally RFO containing species, it did not cause significant raffinose accumulation in potato. As discussed above, in tobacco, a non-RFOaccumulating species, small amounts of raffinose could be detected in tobacco plants overexpressing GS (Ayre et al., 2003) , thus indicating a lower but detectable RS activity. However, in potato, GS overexpression did not consistently produce measurable amounts of raffinose in any tissue. RFO have been detected as antinutritional factors in other Solanaceae, for example, in Capsicum annuum (ElAdawy and Taha, 2001) and may therefore have been reduced in cultivated potato by conventional breeding. Establishing the RFO synthesis pathway by ectopic expression of both GS and RS enzymes has not been previously reported, and it is shown here that the result of this transformation is largely dependent on the promoter used. Retransformation of representative 35S:GS and rolC:GS with RS from C. sativus under the control of the same promoters led to the readily detectable accumulation of raffinose in leaves of 35S:GS/RS lines (Figs 2, 3A), but not in rolC:GS/RS leaves measured in the same experiment (Fig. 2) . Furthermore, despite screening the best lines from 100 independent rolC:GS/RS transformants, growing the selected lines in multiple experiments and harvesting leaves at a developmental stage allowing high raffinose accumulation, the maximum level observed was only 20-30% of that in 35S:GS/RS plants (Fig. 4A) . Direct comparison between leaves at different developmental stages indicated that raffinose was 8-20-fold lower in the line rolC:GS/RS 31-38 compared with 35S:GS/RS 41-19 (Table 1) . There was also a striking reduction in the levels of leaf galactinol in 35S:GS/RS lines, but there was never any significant reduction for rolC:GS/RS lines (Fig.  4B) , even when leaf raffinose was clearly detectable (Fig.  4A) . One obvious explanation for this is that galactinol produced in companion cells is mobile in the entire leaf and builds a large stable pool mostly unavailable to a cytoplasmic RS located in companion cells. Nonaqueous fractionation of cell compartments has shown that galactinol is, to a large extent, located in the vacuole in species with different phloem loading strategies (Voitsekhovskaja et al., 2006) . A vacuolar localization in the mesophyll of potato overexpressing GS would be consistent with it being largely inaccessible to RS localized in the cytosol of companion cells of rolC:GS/RS plants yet more available to RS present in the mesophyll cells of 35S:GS/RS plants.
The high abundance of raffinose in 35S:GS/RS lines (Fig. 3A) made them suitable to investigate the spatiotemporal distribution of galactinol and raffinose within leaves. In a diurnal time-course experiment leaf raffinose in 35S:GS/RS plants was significantly correlated with sucrose and galactinol, whilst during leaf development raffinose, sucrose and galactinol were all significantly correlated with each other (Table 3 ). Raffinose and galactinol were also positively correlated among independent 35S:GS/RS lines (Fig. 3A, B) . These data most likely reflect the availability of assimilate, but they also support the assertion of the key role of GS in controlling RFO production and the more recent report that the initial substrates, including sucrose, may limit RFO production (Karner et al., 2004) . Sugar distribution during leaf development was also determined for rolC:GS/RS lines, however, in this case the correlation with sucrose levels was weaker and there was no correlation with galactinol levels (Table 1 ; data not shown). This may be expected, as correlation between galactinol and raffinose in the companion cells would likely be masked by the large stable galactinol pool within the leaf. Another possible reason for the differences in raffinose content between different leaf development stages could be developmental regulation of the promoter activity. There is no sufficient data to assess this possibility, particularly as the galactinol concentration, which is similar among all leaves sampled, is not a reliable marker of promoter activity due to its varying stability, membrane permeability and transport.
Galactinol transport in transgenic potato
Clear evidence was found for the transport of galactinol in all lines overexpressing GS. Galactinol was easily detected in phloem exudates and its concentration was significantly correlated with that of sucrose, the major transport sugar in potato, thus demonstrating that the galactinol is cotransported with the stream of photoassimilates. In addition, grafting experiments showed that tuber galactinol was significantly increased in all cases when rolC:GS or rolC:GS/RS scions were grafted onto WT stocks (Fig. 5B) . Compared with sucrose, galactinol generally represented about 1% of the transported carbon in potato expressing GS (Fig. 4F ) and in some experiments reached 2% of the total. This is substantially higher than observed in RFO transporting species. In Alonsoa meridionalis, which transports RFOs, galactinol accounts for just 0.2% of the carbon present in the phloem sap (sucrose, raffinose and stachyose¼98%) (Voitsekhovskaja et al., 2006) . The low concentration of certain sugars in the phloem was recently proposed to result from differential retention and retrieval of different sugars (Ayre et al., 2003) . These data support this but indicate that, in addition, specialized features of the intermediary cells in RFO-transporting species may contribute to reducing the concentration of galactinol in the phloem. The vacuolar localization of galactinol (Ayre et al., 2003) and the presence of many small vacuoles in intermediary cells, presumably with a large surface area, may serve to buffer galactinol concentrations in the cytoplasm. The location of GS in the intermediary cell (Beebe and Turgeon, 1992; Haritatos et al., 2000) may also be related to the need for recycling myo-inositol from raffinose and stachyose synthesis rather than a direct need for galactinol production in these cells instead of the leaf mesophyll. A limitation on the substrates for galactinol production is supported by the equal accumulation of galactinol in rolC:GS and 35S:GS lines previously discussed. These data show that galactinol accumulates within the leaf and is exuded from the phloem at the same rate in 35S:GS and in rolC:GS plants (Fig. 1A, B) indicating that galactinol is likely to be mobile within the leaf. As the CaMV 35S promoter drives expression in vascular tissue it cannot be excluded that galactinol produced in the phloem is sufficient to account for the observed export in 35S:GS plants. This is supported by the observation that, although there was a large difference in leaf raffinose, phloem raffinose was generally similar between 35S:GS/RS and rolC:GS/RS lines (data not shown). This could indicate that the CaMV 35S and rolC promoters have similar activities in the companion cells. However, 35S promoter activity is similar in the mesophyll and phloem of the leaf (Stockhaus et al., 1989) and is detected in most leaf cell types (Benfey et al., 1989) , and mesophyll cells vastly outnumber those of the phloem. The pronounced difference in leaf raffinose between 35S:GS/ RS and rolC:GS/RS plants supports the established differences in CaMV 35S and rolC promoter activities (Benfey et al., 1989; Schmulling et al., 1989; Stockhaus et al., 1989; Kuhn et al., 1996) . It is possible that the mechanisms leading to the similarities of phloem galactinol and raffinose are distinct. Alternative routes of raffinose entry into the phloem or the metabolism of sugars in phloem exudates by cells at the cut petiole surface in 35S:GS/RS plants are candidates for such differences.
Alternatively, cell-type influences on GS and RS enzyme activities may also have an effect, but as these activities are co-localized in different tissues (Beebe and Turgeon, 1992; this seems unlikely.
Raffinose transport in transgenic potato
Evidence was found for the transport of raffinose in lines overexpressing GS/RS, with raffinose detected in phloem exudates and its concentration correlated with that of sucrose in 35S:GS/RS and rolC:GS/RS plants. To reach further conclusions on raffinose transport, rolC:GS/RS plants were investigated in more detail. By contrast with galactinol, raffinose was present at much lower concentrations in the leaf ( Figs 4A, B, 1A) . However, despite being approximately 30 times lower in concentration than galactinol in the leaf, its concentration in phloem exudates was just 2-fold less than galactinol (Figs 4E, 1B) . This is in agreement with the hypothesis that raffinose is more effectively retained within the phloem than galactinol leading to a higher transport efficiency (Ayre et al., 2003) . Strong evidence for raffinose transport was provided by using data from the large number of independent rolC:GS/ RS lines in these experiments which revealed a highly significant (P¼1.7310
À13
, n¼40) correlation of raffinose RFO transport and metabolism 3809 with sucrose exudation. In addition, tuber raffinose was higher in rolC:GS/RS self grafts than in tubers of rolC:GS/ RS stocks grafted to WT scions indicating a contribution of shoot supplied raffinose (Fig. 5A) . However, tuber raffinose was not increased in WT stocks grafted to rolC:GS/RS scions (Fig. 5B) . The reason for this is unknown, but may indicate that RS activity in companion cells of the stems or tubers could saturate or counteract raffinose metabolism by endogenous enzymes during transport or tuber development in rolC:GS/RS plants. These data indicate that the transport of raffinose itself was successful, complementing previous work showing the transport of octopine (Ayre et al., 2003) and 6-kestose (Zuther et al., 2004b) in the phloem of an apoplastic phloem loader and are the first involving a compound which is naturally transported in plants.
In parallel to the transport of raffinose, there was evidence for the metabolism of galactinol in companion cells. In rolC:GS/RS tubers, galactinol was significantly reduced in several lines and was present at concentrations similar to raffinose (Fig. 4C, D) . The ratio of galactinol to sucrose in the phloem was reduced by 10-25% in all rolC:GS/RS lines (Fig. 4F) . Finally, galactinol concentration was lower in the tubers of WT stocks grafted to rolC:GS/RS scions compared with rolC:GS, which also indicates that galactinol transport was probably reduced due to its conversion to raffinose (Fig. 5B) . However, the continued high accumulation of galactinol in the leaves and its exudation from the phloem indicates that RS activity was not sufficient to convert all galactinol to raffinose (Fig. 4B) . Galactinol is also seen in the same concentration range as sucrose in the leaves of RFO transporting species (Ayre et al., 2003; Voitsekhovskaja et al., 2006) , but less galactinol is transported in these plants. In the transgenic potatoes, raffinose accounted for a very small proportion of the transported carbon, just 0.5% compared with sucrose, indicating that high expression of RS and the availability of its substrates galactinol and sucrose in companion cells are not sufficient to establish RFO transport as a major pathway in an apoplastic phloem loader. This may indicate that discrimination between galactinol and transport sugars is not working in companion cells of apoplastic loaders allowing entry of galactinol into the phloem, which in turn results in limited galactinol for raffinose synthesis. However, it seems most likely that efficient RFO synthesis additionally requires stachyose synthase or other specific features of intermediary cells for the temporal or spatial coupling of RFO biosynthetic enzyme activity and substrate concentrations.
